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Abstract: Today, dental implantology represents a reliable technique for treating both partial and total
edentulism. The fixation of dentures on dental implants can be achieved using various techniques,
where the choice of a specific technique depends on the patient’s individual needs, the jawbone’s
condition, and the prosthesis design. Currently, the two most common types of prosthetic abutment
connections are cemented and screwed, each with its own set of advantages and disadvantages. This
study aimed to analyze a novel Morse cone connection system between the prosthesis and implant
using finite element analysis (FEA). The analysis of connection retention was conducted using three
different approaches: analytical, in vitro, and FEA. Three-dimensional models were created for
systems comprising an abutment, healing cap, and crown under three inclination conditions: 0◦,
15◦, and 30◦. Using Ansys finite element software (R1 2023), the impact of the tilt on the system
retention was examined. The FEA showed results comparable with the in vitro studies regarding the
retention strength for an abutment cap system with a 4◦ taper, obtaining 66.6 N compared with the
68 N calculated in our in vitro study. The inclination of the abutment affected the system retention
due to the hole made in the abutment’s surface, decreasing the contact area between components.
The Morse cone prosthesis–implant connection system was found to be the most stable and efficient
compared with threaded or cemented systems. The retention was influenced by factors such as the
abutment conicity, insertion strength, and the contact surface between components.

Keywords: Morse cone connection; dental implants; FEA; cap; implantology; inclined abutments;
prosthesis; retention force; stress distribution

1. Introduction

Implantology can be considered a safe method for addressing issues of partial and
total edentulism, particularly in patients of advanced age [1,2]. As the primary objective in
selecting implant materials is to ensure the safety and functionality of patients, the current
literature survey explores and highlights key aspects related to the mechanical, biologi-
cal, and microstructural properties of biomaterials used in dental composites or implants.
Therefore, numerous efforts have been made to enhance the clinical performance of dental
materials, particularly focusing on the physical, mechanical, and thermo-mechanical char-
acteristics, including void content, hardness, compressive strength, and bending strength,
especially in the case of dental resin-based composites since their inception. Indeed, while
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metal–ceramic restorations have long been the benchmark in implant dentistry, the land-
scape has evolved to include metals, polymers, ceramics, and composites as the four main
types of dental restorative materials. However, zirconia is now in the spotlight as a promis-
ing option for restoration due to its highly favorable mechanical properties and satisfactory
aesthetics [3,4].

Furthermore, in modern implantology, there are two diverse types of implant pros-
thesis support, which depend on the number and position of the implants. Treatment
options include fixed or removable implant–prosthesis support. The removable prosthesis
implant support consists of a prosthesis anchored to the implant with diverse fixation meth-
ods: screwed or cemented. However, both fixation systems have some disadvantages [5].
Although cemented fixation seems ideal, the drawback lies in having to eliminate excess ce-
ment in the soft tissues around the implant structure. Some studies linked residual cement
to the development of chronic peri-implant diseases, as it can cause soft tissue inflammation
and relative resorption of the bone crest. Another issue is the removal of cement if the
margins are located sub-gingivally. The greater the depth, the more challenging it is to
detect excess cement [6–12]. On the other hand, a screwed connection involves greater
complications, where inadequate preload of the screw, misfit between the interface of the
two components, and the characteristics of the screw are considered reasons that lead to
the loosening of the screw or even fractures [13,14].

Among prosthetic abutment connections, the external connection usually has an
external hexagon on the implant platform, whereas the internal connection can be divided
into an internal hexagon, internal octagon, and Morse cone, which is currently being used
extensively [15]. Stephen A. Morse pioneered the development of this connection in 1864,
which has since found global application for connecting drilling machines to a removable
rotating drill piece [16]. The fundamental concept of this system is based on the “cone
within a cone” principle. This connection involves coupling two surfaces with identical
conicity: an abutment (male) and a cap (female) that interlock without the need for screws
or concrete [17]. It is also worth mentioning that the Morse cone implant accepts different
abutment platforms and provides an intimate implant–abutment contact [16]. This type
of connection presents an interesting alternative due to its advantages compared with
cemented or screwed connections, such as a reduced bacterial microleakage at the implant–
abutment surface; fewer mechanical complications, like screw loosening or fractures; higher
torque preservation; and fixed retention between implants and dental prostheses [17–19]
(Figure 1).
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When force is applied externally, retention occurs due to the friction formed between
the two surfaces [20]. Upon analyzing the conometric connection system, it is evident that
the configuration of the abutment influences its retentive ability. A study conducted by
Nardi et al. in 2017 [21] indicates that the greater the diameter at the base and height, the
higher the retentive ability. Applying an external force in the direction coinciding with
the axis of insertion of the cap generates stress and deformation fields that affect both the
inside of the cap and the abutment. These stress fields persist even after the removal of the
insertion force and it is precisely these stress and deformation fields that contribute to the
retentive ability of the system.

Some studies revealed an inverse relationship between the retentive force and the taper
angle of the cap [22,23]. Bozkaya and Muftu [22] performed a numerical–mathematical
evaluation to assess the efficiency (η) of the Morse cone connection, which is defined by the
ratio of extraction force (Fout) to insertion force (Fin) shown in Equation (1):

η =
2cos θ

µk
(µkcos θ − sin θ) (1)

For a stable cap-to-abutment connection, the efficiency must exceed 1, indicating that
the extraction force is greater than the insertion force, preventing spontaneous loosening.
Referring to the study by Bozkaya and Muftu [22] and considering Equation (1), it was
observed that the efficiency is influenced by the taper angle and the coefficient of friction
between the surfaces. Therefore, an increase in the taper angle or coefficient of friction leads
to decreased efficiency [23]. In this regard, findings reported by Prisco et al. [23] suggest
that for system stability, taper angles should be less than 6◦ and the friction coefficient
should be around 0.3. As previously explained, retention is guaranteed by the presence
of an adequate stress field in the absence of an applied load. It is crucial to note that for
the system to be efficient, the stresses induced by the cap insertion must not exceed the
material’s yield strength [24].

Another crucial aspect to consider involves the insertion force, which, owing to the
conical geometry of the system, generates contact pressures at the abutment–cap interface,
resulting in a normal force (N) as per Equation (2) [22–24]:

N =
πE∆zLcsin 2θ

6b2
2

[
3
(

b2
2 − r2

ab

)
− Lcsin θ(3rab + Lcsin θ)

]
(2)

This formula reveals the insertion force dependence on the taper angle (θ) and the length
of the surfaces in contact (Lc) in a linear manner for contact lengths from 1 to 5 mm [24].

From these initial observations, it becomes evident that the insertion force of the cap
plays a fundamental role in defining the stability of the system. First, this force must be
sufficient to securely seat the cap, providing resistance to extraction forces. Second, it
should prevent excessive plastic deformation of the cap and abutment due to interference.
The analytical method used to detect this force has limitations because it is obtained under
stringent restrictions. Cyclic loads from mounting and dismantling the cap, leading to
surface erosion phenomena and, consequently, decreasing the retention of the system, are
not considered [24,25]. On the other hand, in vitro studies established that the connection
exhibits varying retention based on the taper angle: 40.36 N for a taper angle of 6◦ and
235 N for an angle of 1◦ [26].

The advantage of using finite element analysis (FEA) compared with other methods
is that many factors influencing system retention can be evaluated simultaneously in less
time. Moreover, when comparing in vitro studies with the finite element method (FEM), we
can presume that the former is a destructive procedure, as it involves breaking the device
to find the resistance limit, while the latter has the advantage of being a non-destructive
technique. Thus, the aim of this study was to assess, using the FEM, the force required
for cap insertion into a conometric connection of 4◦ taper between the abutment and cap.
Additionally, we aimed to investigate the impact of abutment inclination (15◦ and 30◦) on
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system retention. Then, we also compared the FEA results with the analytical findings
from Bozkaya and Muftu [22] and experimental data from Antonaya-Martin et al. [26]
to determine the most suitable method. The null hypothesis assumed that the abutment
inclination and presence of a hole on the abutment surface (Figure 2) for inserting the
retention screw do not affect the system’s performance.
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Figure 2. Example of an inclined stump with a through hole for the retention screw of the implant.

2. Materials and Methods

A FEA study involves the following steps:

• Model creation: Start by digitally modeling the structure or part to be analyzed. This
model is divided into smaller parts known as finite elements. Finite elements are
simple geometric shapes, such as triangles or quadrilaterals in two dimensions 2D
and tetrahedra or hexahedra in three dimensions 3D.

• Definition of material properties: Each finite element is assigned material properties,
including Young’s modulus, Poisson’s coefficient, strength, and other characteristics
depending on the material of the part.

• Application of loads: Define loads, such as forces, moments, pressures, constraints, and
boundary conditions, to simulate the real environment in which the structure operates.

• Discretization: The model is divided into finite elements, and the nodes of these ele-
ments are assigned unknown variables like displacements, stresses, or other relevant
quantities. Subsequently, the load/constraint conditions are assigned, and the results
are analyzed.

In the present study, three different systems, consisting of the abutment, the cap, and
the crown of the AoN implant (AoN Implants, Grisignano di Zocco, Italy) were modeled
using Autodesk Inventor 3D modeling software (Autodesk Inventor 2023, San Francisco,
CA, USA). Figure 3 shows the abutment–cap–crown system in the 0◦ tilt configuration,
while Figure 4 displays the 15◦ and 30◦ configurations of the cap–abutment system.
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Figure 4. Three-dimensional 3D model of the abutment–cap–crown system inclined at 15◦ (on the
left) and 30◦ (on the right).

Subsequently, the 3D models were imported into ANSYS 2023 finite element software
(ANSYS R1 2023, Workbench, Canosburg, PA, USA). FEA was employed to analyze the
stress distribution on the cap–abutment system during cap insertion. Thus, the virtual
models were converted to a .stp format, which is readable by the FEA software ANSYS.
The implemented geometry did not consider the implant since the focus of this study was
on the cap–abutment connection zone.

The cap–abutment model was discretized using Solid 187 4-knot tetrahedral elements
using a 0.5 mm mesh [27]. At the abutment–cap contact, to better appreciate the stress
distribution, the mesh was refined to 0.3 mm (Figure 5).
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After modeling the finite elements of the system, the properties of the materials used
in this study were assigned. All materials were assumed to be homogeneous, linear,
and isotropic, as the von Mises criterion used to analyze the results was based on these
considerations [28]. The properties of the materials are shown in Table 1 [18,29].

Table 1. Properties of the materials used in this study.

Young’s Modulus
(GPa) Poisson’s Ratio Tensile Yield Strength

(MPa)
Tensile Ultimate Strength

(MPa)

Titanium (Ti6Al4V cap
and abutment) 110 0.3 830 900

Zirconia (crown) 200 0.31 330 551

To analyze the cap–abutment system, various contact modes between the two compo-
nents were assigned, as illustrated in Figure 6.
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Figure 6. Contact with friction (shown in red) was modeled between the cap and abutment with a
coefficient of friction set to 0.3 [30].

Between the crown and the cap, a fixed type of contact without penetration was imposed.
The contact analysis assigned the cap as the target element, indicated in red (Figure 7), referring
to finite elements in the FEA that were considered particularly important or relevant to the
analysis aim. Conversely, the “contact elements” modeled the contact surfaces between the
parts and are shown in blue (Figure 7).
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the zirconia crown.

The abutment was fully constrained, with constraints applied to its side surface, as
shown in Figure 7. On the upper surface of the zirconia crown, a vertical static load was
applied along the direction of cap insertion, with variable intensity ranging from 10 N to
60 N. For this load, we used the cap insertion loads obtained from in vitro studies as a
reference [31].

For the analysis of the results, three methodologies were employed in this study to
determine which one provided reliable results. The first method used was an analytical
approach proposed by Bozkaya and Muftu [22], with the aim to calculate the retention
force of the cap with knowledge of parameters related to the taper and coefficient of friction.
Using Equation (1), the following data could be assumed: θ = 4◦ and µs = 0.3 = µk. The
system’s efficiency could be calculated using Equation (3):

η =
2cos θ

µk
(µkcos θ − sin θ) = 1.52 (3)

The second method used was an experimental approach proposed by Antonaya-
Martin et al. [26], where a graph obtained using in vitro tests was employed to calculate
the system’s retention, knowing only the abutment’s conicity (Figure 8).
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The third method employed was the FEA proposed in this study to compare the
results. From the application of the cap insertion load, we could evaluate both the von
Mises stress distribution and the axial displacements of the cap (∆z) along the insertion
direction. Using Equation (4), the retention of the system could be calculated:

Fr =
πE∆zLcsin 2θ

6b2
2

[
3
(

b2
2 − r2

ab

)
− Lcsin θ(3rab + Lcsin θ)

]
(4)

The necessary data for the calculation could be obtained from the 3D model developed
with the company AoN Implants (Grisignano di Zocco, Italy): rab = 1.414 mm, b2 = 1.850,
Lc = 5 mm, θ = 4◦, and µs = 0.3.

After modeling with ANSYS software, von Mises stress values were evaluated for
both non-angled and angled systems at 15◦ and 30◦. Stress distributions are represented by
color-coded maps, with the maximum stress in red and the minimum stress in blue for the
qualitative analysis.

3. Results

Figure 9 shows the von Mises stress distribution on the abutment–cap–crown system
under an insertion load of 10 N.
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The von Mises stress ranged between 0.0032 MPa and 506.01 MPa. The maximum
stress values were found on the cap due to its thinness, resulting in increased stress. Figure 9
also shows stress values ranging between 35 MPa and 120 MPa in the area of contact with
the cap on the zirconia crown. This stress field did not impair the mechanical behavior of
the material since, as described in Table 1, the breakdown stress of zirconia is approximately
551 MPa. In Figure 10, the displacement field in comparison with the cap is shown because
the abutment was fixed in all directions.
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Figure 10. Displacements along the cap–abutment system under an insertion force of 10 N.

From Figure 8, we observe that the cap had a field of displacements that varied along
the axial direction. In fact, the maximum values were reached in the lower part of it (red
zone in Figure 10), where there was approximately 0.00273 mm of displacement. This value
was also comparable with the results of the FEA study conducted by Bressan et al. [32].

Figure 11 demonstrates the stress distribution when the cap was inserted with a force
of 30 N and 60 N.
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Figure 11. The von Mises stress distribution on the system under an insertion force of 30 N (first line)
and 60 N (second line).

Here, it could be observed that as the cap insertion force increased, there was a corre-
sponding increase in the stresses on the system. Specifically, it rose from about 511.73 MPa
with a 30 N insertion force to 594.08 MPa with a 60 N insertion force. From this initial
analysis, it was evident that the most stressed part was the cap at 594.08 MPa, especially
considering it was a crown made of zirconia, which is a material capable of transferring all
applied forces. This stress value, however, did not compromise the mechanical behavior
of the cap, as its resistance to yield strength is about 830 MPa (Table 1). Nevertheless,
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exploring alternative materials might be worthwhile to assess any reduction in transmitted
stress. Additionally, Figure 11 shows that the abutment experienced higher stresses in the
case of a 60 N cap insertion. The circumferential stresses generated by this force increased
the compressive stress on the outer surface of the abutment. Table 2 summarizes the results
obtained in terms of the von Mises stress and displacement along the z-axis of the cap for
insertion loads ranging from 10 N to 60 N.

Table 2. Von Mises stress and displacement along z-axis of the cap for different insertion loads.

Insertion Force
(N)

Displacement of Coping
(mm) Von Mises Stress (MPa)

0 0.00273 506.01
20 0.00546 508.52
30 0.00819 511.73
40 0.01092 530.56
50 0.01365 570.34
60 0.01638 594.08

Table 2 demonstrates that with an increase in the insertion force, there was a corre-
sponding rise in both the displacement of the cap and the von Mises stress. It could be
asserted that there were no critical issues in the system, as the yield strength of the material,
which is 830 MPa for titanium, was never exceeded. By knowing both the insertion force
and the vertical displacement of the cap, we could calculate the retention force for each cap
load condition using Equation (2) and obtain the orange line in Figure 12.
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Figure 12. The trend of the removal force as a function of the insertion force.

Using the analytical method proposed by Bozkaya and Muftu [22], the blue line was
obtained (Figure 12). It could be observed that the analytical method, owing to the multiple
simplifications made in the geometry, yielded lower values of removal force as a function of
the insertion force.

Instead, when examining the experimental method proposed by Antonaya-Martin et al. [26]
for a cap insertion load of 30 N, it corresponded to a removal force of approximately 70 N
(Figure 13).

Among the three criteria presented, it was noticed that the FEA approach provided
results closer to the values obtained experimentally through in vitro studies. Specifically,
for a cap insertion force of 30 N, the FEA method yielded a retention force of approximately
66.3 N, while the analytical method produced 45.78 N, compared with the in vitro study
value of 68.8 N.

The time effect of tilting was studied using the same load data as mentioned earlier.
Figure 14 shows the distribution of the von Mises stress when the cap was inserted with
loads of 10 N, 30 N, and 60 N in the 15◦ configuration.
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Figure 13. The retention force as a function of the taper of the system under an insertion load of 30 N.
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From Figure 14, it was evident that the 15◦ inclination of the abutment resulted in
increased stress on both the abutment and the cap. Specifically, in the red areas, the
maximum stress varied from 621.45 MPa with 10 N of insertion to 645 MPa with 60 N of
insertion on the cap.

Figure 15 illustrates that the von Mises stress distribution was higher compared with
the case with a 15◦ inclination.
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This was attributed to the inclination, which involved a decomposition of forces along
the direction perpendicular to the axis of cap insertion. These tangential forces stressed
the abutment more. In the configuration of 30◦ with a cap insertion force of 60 N, stress
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values of about 756 MPa were recorded on the abutment and the lower part of the cap
(Figure 15, third line). Consequently, we could assert that the abutment configuration
inclined at 30◦ experienced higher stresses compared with the 15◦ and 0◦ configurations.
By exclusively analyzing with the FEA method, we could calculate the retention of the
system in configurations with inclined abutments and compare it with the non-inclined
abutment configuration (Figure 16).
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Figure 16. The trend of the removal force as a function of the insertion force for abutments inclined
at 0◦, 15◦, and 30◦.

Figure 16 demonstrates how the retention decreased with the inclination in the abut-
ment at the same insertion force. For instance, assuming that the cap was inserted with
a force of 30 N, we observed that in the case of no inclination, we had 66.3 N, whereas it
decreased to 57.018 N for abutments inclined at 15◦ and further reduced to 53.04 N for
abutments inclined at 30◦. This phenomenon occurred because the hole for the insertion
of the retention screw reduced the amount of surface available for contact with the cap,
resulting in a decrease in the retention ability of the system. Consequently, to achieve the
same retention as required by in vitro studies, or approximately 70 N, it would be necessary
to increase the insertion force by about 10 N more than the non-inclined configuration
when dealing with inclined abutments.

4. Discussion

In previous studies, CAD/CAM technology was employed as an investigative tech-
nique in vitro. Notably, a study by Kapos and Evans [31] demonstrated that the use of
a screwed implant prosthesis retention system resulted in lower stress compared with
the conventional cement-based system. This phenomenon is attributed to the presence of
multiple separate components in the screwed system, including the implant, abutment,
prosthetic screw, and crown. The existence of micro-gaps does not ensure a uniform stress
distribution among these components and the implant. Consequently, it was concluded
that cemented retention systems exhibited higher stresses and deformations. Also, photo-
elastic studies [32] confirmed this phenomenon, revealing that the gap between implant
components can either reduce or increase the stress transmitted to the bone due to micro-
movements. While the use of a screwed retention system may lead to bone resorption due
to insufficient stress transmission, a cemented connection allows the stress generated by the
masticatory loads to discharge directly onto the bone rather than being dissipated among
prosthetic components. These factors can elevate stress on the bone, potentially resulting
in resorption. Indeed, a study by Aalaei et al. [33] demonstrated that when the stress
generated in the crestal area of the implant exceeds the elasticity of the bone, microfractures
and resorption occur. Although screwed prosthetics offer the advantage of removal without
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damaging the denture or implant, the only drawbacks lie in the aesthetic problems and
fracture risks associated with creating a hole in the crown for screw insertion.

With the conometric system, dental prostheses can alleviate pressure on the surround-
ing gum tissue, helping to prevent long-term damage or irritation. Specifically, scanning
electron microscopy (SEM) analyses were conducted on the interface between the cap and
abutment, revealing that even after the application of the load, no significant gap was
observed [34]. This yields several benefits, including a reduced risk of bacterial infiltration
and more evenly distributed stress. In the conometric connection, retention is achieved
only through the frictional force developed at the abutment–cap interface. A perfect fit
between the two surfaces and the absence of a marginal gap in the conometric connec-
tion are fundamental requirements to avoid failures and bacterial infiltration [35,36]. In
attempts to further minimize inflammatory responses and enhance bone stability in the
crestal area of the implant, numerous in vitro studies emphasized that a gap between the
abutment and cap (2.04–2.064 µm) is necessary to prevent bacterial infiltration [37–39].
In contrast, a cemented connection between the abutment and cap was found to have a
larger gap (145 µm) [39]. Another consideration relates to prosthesis removal. A study
by Degidi et al. [40] demonstrated that prostheses utilizing a conometric retention system
were easily removed. Conometric prostheses are designed for easy removal and cleaning,
simplifying oral hygiene and prosthesis cleaning compared with cemented or adhesive
dentures, which often face challenges related to incomplete cement removal. The success
rate of conometric prostheses is a critical aspect of rehabilitation. Numerous studies have
reported a 97.77% success rate during a 2-year follow-up period [41–43]. System retention,
which is understood as the ability of the prosthesis to remain stable and firmly in place
during normal use, is a key factor in long-term durability. As mentioned earlier, the reten-
tion of the conometric connection depends on the initial load during cap insertion, taper
angle, height, and friction between the two surfaces [22–24,44,45]. Insufficient retention
can result in prosthesis loosening, leading to implant problems and bacterial infections.
The impact of cap insertion–separation cycles on retention ability has been evaluated in
numerous studies [25,46,47]. In particular, an in vitro study demonstrated that retention
decreases by about 40% from 5 to 15 insertion–removal cycles [48]. This phenomenon is
attributed to variations in the functional characteristics of the surfaces in contact with an
increase in the number of cycles. Additionally, retention diminishes if the plastic limit of
the material is exceeded, as the state of residual stress necessary for retention is no longer
guaranteed. However, when similar materials are used, cold fusion can develop between
the abutment–cap contact surface, ensuring greater retention. Conversely, with a softer
material than the abutment, there is more wear on the inner surface of the cap, resulting in
less retention [49]. In the oral environment, prostheses are subject to time-varying chewing
forces, temperature variations, and high humidity, which are factors that worsen cement
conditions, causing a loss of retention. A study by Al-Chalabi et al. [50] measured the
retention of a cemented and conometric system, highlighting that the use of the conometric
system led to increased retention due to the phenomenon of cold welding between the
two components. In contrast, the cemented system exhibited a decrease in retention after
5 years due to the loss of cement performance.

The assessment of cap–abutment connection retention has traditionally been con-
ducted through in vitro studies. Notably, research by Ghodsi et al. [51] revealed that the
retention varies with the conicity of the abutment, ranging from 40.46 N for a 6◦ taper to
235 N for a 1◦ taper. In dentistry, the FEA method, as demonstrated in this study, has also
been applied in other research to investigate the effects of different connection types on
stress in the implant and surrounding bone under various loading conditions, both static
and dynamic [18,29,33,34,52–56]. Bressan et al. [57] used the FEA method to analyze the re-
tention of a Morse cone connection. Their findings indicate an in vitro retention of 148.22 N
with a gold cap compared with 150 N obtained through numerical analysis. However, there
is a lack of clear data in the literature regarding the minimum retention required for the
crown and cap to remain in a stable position. During chewing, the depressor muscles exert
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displacement forces on the prosthesis. Therefore, the minimum retention force must exceed
the contraction force of these depressor muscles, which is approximately 113 N [58,59]. A
numerical study contributed to the development of a mathematical model that qualitatively
assesses the retention offered by the system based on conicity [60]. Notably, the model
shows that the retention increases exponentially with a decrease in the taper angle. The
other method for evaluating system retention is through numerical simulation, particularly
FEA. Widely used in engineering and medical applications, FEA allows for an accurate sim-
ulation of the mechanical behavior when the cap is inserted into the abutment. The process
implemented in this study enabled the evaluation of system retention for an abutment with
a 4◦ taper and the determination of the required force for cap insertion to obtain sufficient
retention. The FEA also facilitated the assessment of the effect of abutment inclination
on retention.

Contrary to the null hypothesis, an inclined abutment created a hole for screw insertion
on the mating surface, decreasing the surface in contact with the cap and, consequently,
reducing the retention ability of the connection. Additionally, the retention decreased with
an increased angle of abutment inclination, as axial loads along the abutment were broken
down into mesial, distal, and buccal components, which, with inclination, acted as a lever
on the cap, further diminishing the retention of the system.

5. Conclusions

In conclusion, the finite element simulation conducted in the present study allowed us
to derive the following results:

• There existed a linear relationship between the cap activation force and retentive force.
• The analytical method proposed by Bozkaya and Muftu [19] underestimated the

system retention.
• The FEA method demonstrated comparable results with in vitro studies. For a con-

nection with a 4◦ conicity, the retentive force obtained from in vitro studies was 68 N,
while with FEA, it was 66 N.

• The force required to activate the connection in the case of a 4◦ taper was approximately
30 N. Values below 20 N of activation force did not guarantee the required retention.

• The inclination of the abutment decreased the retention of the system. To counteract
this effect, it was necessary to increase the activation force by 10 N for abutments
inclined between 15◦ and 30◦.

• The state of stress acting on the system was greater in the case of inclined abutments.

Despite the limitations associated with the FEA method, the results concerning the
required force to activate the cap and ensure adequate retention consistently aligned with
those of the in vitro studies, both with axial and inclined positioning of the abutment.
Further studies are needed to refine the model and take into account intraoral conditions,
including cyclic loads and different materials.
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